Objective: Ischemic stroke is one of major complications of cardiac surgery. Although current AHA guideline states that carotid endarterectomy is probably recommended before or concomitant to coronary artery bypass grafting (CABG) for the carotid stenosis, there is no report that analyzed optimal strategies in cardiac surgery for patients with total occlusion of the ICA or MCA.
Introduction
Ischemic stroke is one of major complications of cardiac surgery, leading to increased mortality and poor functional outcome. Of these, significant stenosis of the internal carotid artery (ICA) stenosis has been accepted as a considerable predictor of poor outcomes in patients undergoing coronary artery bypass graft (CABG) 1, 2 . There is increasing evidence that simultaneous or preceding carotid endarterectomy (CEA) is useful in order to reduce the incidence of ischemic stroke in such patients 3 . Carotid artery stenting (CAS) may be an alternative strategy prior to cardiac surgery, although CAS still has the potential risk for perioperative complications, including ischemic stroke and hypotension-induced cardiac failure 4 . Based on the fact that the patients with impaired cerebral perfusion reserve due to ICA or MCA occlusion are at significantly higher risk for subsequent ischemic stroke 5 , the patient with coexisting ICA or MCA occlusion would also be prone to suffer ischemic stroke during cardiac surgery 6, 7 . However, there are few systematic studies that denote optimal therapeutic strategy for patients with total occlusion of the ICA or middle cerebral artery (MCA) complicated by coronary artery disease requiring cardiac surgery 8, 9 .
Very recently, we have demonstrated that preoperative cerebrovascular screening and prophylactic cerebrovascular interventions significantly contribute to reduce the incidence of perioperative stroke in patients with occlusive carotid or vertebral artery diseases 1 .
In this preliminary, prospective study, therefore, we aimed to assess whether preoperative blood flow studies and prophylactic cerebrovascular interventions could safely reduce the incidence of perioperative ischemic stroke during cardiac surgery in patients with ICA or MCA occlusion.
Cerebral hemodynamics was evaluated prior to cardiac surgery, using single photon emission computed tomography (SPECT) or positron emission tomography (PET). We believe that continuous accumulation of similar experience would guide us to establish optimal therapeutic strategy in treating these complicated, high-risk patients and to improve their prognosis.
Patients and Methods

Patients
This study included 8 patients who were admitted to our hospitals in order to undergo O-gas inhalation method 10, 11 . To evaluate cerebral perfusion reserve, 10-mm-diameter circular regions of interest (ROIs) were placed in the ipsilateral MCA territories. As described previously, the cerebrovascular reactivity (CVR) to acetazolamide was quantitatively calculated as:
where CBF rest and CBF ACZ = CBF before and after intravenous injection of acetazolamide, respectively. The values were rated as reduced when any value was less than the mean − 2SD.
Based on previous studies, cerebral perfusion reserve was considered as impaired when both CBF and CVR were significantly reduced 5, [10] [11] [12] .
Treatment protocol
As shown in Fig. 1 , treatment strategies in this study largely depended on the results of preoperative SPECT study and cardiac function in each patient. Thus, CABG was performed without any cerebrovascular intervention when cerebral perfusion reserve was maintained normal because of well-developed collateral circulation. On the other hands, prophylactic superficial temporal artery to middle cerebral artery (STA-MCA) anastomosis was performed prior to CABG when cerebral perfusion reserve was impaired and cardiac function was judged as tolerable to surgery. Both STA-MCA anastomosis and CABG were abandoned and internal medical treatment was continued in patients who had occlusion of multiple cephalic arteries because prophylactic STA-MCA anastomosis on only one side was considered unable to avoid perioperative ischemic stroke during the following cardiac surgery (Fig. 1 ).
In this study, the frontal and parietal branches of STA were dissected from the scalp under surgical microscope. Then, the Sylvian fissure was widely opened and the anterior and posterior trunks of the MCA were exposed. Subsequently, two branches of STA were anastomosed to the trunks of MCA, respectively. Cardiac surgery such as CABG and off-pump CABG (OPCAB) was performed within 8 weeks after prophylactic STA-MCA anastomosis.
Results
Overall results
On preoperative SPECT/PET studies, cerebral perfusion reserve was kept normal in 2 of 8 patients included in this study. They underwent OPCAB alone, and their postoperative course was uneventful. Other 6 patients were judged as having impaired cerebral perfusion reserve. Thus, both CBF and CVR were significantly reduced in the ipsilateral MCA territories. Of these 6 Remaining two patients were judged as having impaired cerebral hemodynamics, but no surgical interventions were applied because they had multiple occlusive arterial diseases (Table 1) .
Thus, a 67-year-old female had total occlusion of the right MCA and bilateral vertebral artery occlusion. Another 66-year-old male had bilateral ICA occlusion. Their cardiac functions were considered intolerable to multiple cerebrovascular interventions including STA-MCA anastomosis.
Therefore, they were medically treated as before. The former died of chronic cardiac failure 4 years later.
Illustrative case (Case 4)
A 68-year-old man was admitted due to effort angina. He had a past history of acute myocardial infarction when he was 47-years-old, and a minor brain infarction when he was 54-years-old. Cardiac investigation revealed that he had 90% stenosis at right coronary artery, and also 90% stenosis at left anterior descending artery with severe mitral regurgitation. Thus, he was thought to be the candidate for CABG and valve replacement. However, preoperative MR angiography and conventional angiography showed total occlusion of the left ICA ( Fig.   2A,B) . 123 I-IMP SPECT revealed that both CBF and CVR were significantly reduced in the left MCA territory, suggesting a marked reduction of cerebral perfusion reserve (Fig. 2C,D) . First, he underwent left STA-MCA anastomosis to reduce the risk for ischemic stroke during cardiac surgery.
Postoperative course was uneventful. MR angiography showed the patency of STA-MCA anastomosis. Follow-up 123 I-IMP SPECT scans demonstrated significant improvement of cerebral hemodynamics (Fig. 2E,F) . He underwent CABG and aortic valve replacement 4 weeks later, and postoperative course was uneventful. He had suffered any coronary nor cerebral ischemic event since then.
Discussion
Risk of stroke in cardiac surgery
As aforementioned, ischemic stroke is one of the most devastating complications of cardiac surgery, causing poor functional outcomes and increased mortality, length of hospitalization, and need for long-term care 1 . Especially, the presence of occlusive carotid artery diseases is known to increase the morbidity and mortality in patients undergoing CABG [13] [14] [15] [16] . Current AHA guideline recommends carotid endarterectomy (CEA) for both symptomatic and asymptomatic 6 . Although the mechanisms that cause ischemic stroke during CABG are multifactorial, hemodynamic insufficiency is considered to account for more than 50% of its source 1, 9, 16, 18 .
Therefore, it is quite important to investigate occlusive carotid artery diseases prior to cardiac surgery and to seek the strategies to reduce the risk of perioperative ischemic stroke in each patient with coronary artery disease.
Assessment of cerebral perfusion reserve
Especially, we believe that it is essential to maintain cerebral perfusion pressure (CPP) in the cerebral hemisphere ipsilateral to the occluded ICA or MCA. Development of collateral circulation is well known to widely vary among patients with ICA occlusion. Thus, we assessed cerebral hemodynamics in 32 patients with unilateral ICA occlusion, using SPECT and acetazolamide test 12 . Acetazolamide has been widely used to assess cerebral vasodilatory capacity in patients with occlusive carotid artery diseases. All of them could be classified into 4 categories: Previous studies have strongly indicated that CPP is kept within a normal range in Type 1 patients because of well-developed collateral circulation. In Type 2 patients, compensatory vasodilation occurs in response to a moderate reduction in CPP. In Type 3 patients, however, autoregulatory vasodilation could no longer compensate for CPP reduction due to inadequate collateral development, leading to a blood flow decline. In Type 4 patients, a blood flow reduction results from the downregulation of metabolic demand because of ischemia-induced selective neuronal injury 11 . Recent observational studies have shown that the patients with Type 3 ischemia due to ICA or MCA occlusion are significantly at higher risk for subsequent ischemic stroke when they are medically treated 5, 19 . Because it is well known that the extraordinary reduction of CPP easily Kawabori 7
induces ischemic attack in the hemodynamically compromised patients 20 , cardiac surgery per se may potentially provoke ischemic stroke in patients with Type 3 ischemia due to ICA or MCA occlusion with or even without cardiopulmonary bypass. Although some anecdotal reports have concluded that CABG can be successfully performed without any cerebrovascular interventions in patients with ICA occlusion 8, 9 , it is warranted to establish non-invasive methodology to predict the risk of perioperative ischemic stroke in patients with extracranial and intracranial artery diseases.
Significance of STA-MCA anastomosis prior to cardiac surgery
Based on these observations, we evaluated the hypothesis that prophylactic STA-MCA anastomosis improves cerebral hemodynamics and reduces the risk for ischemic stroke during cardiac surgery in patients with ICA or MCA occlusion in this preliminary study. In addition, Type 3 patients are at higher risk for ischemic stroke even in the territories of contralateral carotid and vertebral arteries 5, 21 . Therefore, atherosclerosis may more widely be distributed in the cephalic, coronary, and peripheral arteries in patients with Type 3 ischemia.
These facts may explain the high incidence of hemodynamic compromise in the patients included in this study.
Impact of STA-MCA anastomosis on long-term outcome in hemodynamically compromised patients has still been undetermined 22 . However, a multi-center randomized trial in Japan have recently shown that STA-MCA anastomosis significantly reduces subsequent incidence of recurrent ischemic stroke in patients with reduced CBF and CVR due to occlusive lesions of the ICA or MCA 23 . In this study, no perioperative ischemic stroke occurred through the combination of preoperative examinations and prophylactic STA-MCA anastomosis. Therefore, preoperative screening may be valuable to identify the patients at higher risk for perioperative ischemic stroke during cardiac surgery, and prophylactic STA-MCA anastomosis may play an important role in preventing it. However, the risk of acute myocardial ischemia and/or cardiac failure during and after STA-MCA anastomosis should always be taken into considerations in treating such patients.
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Limitation of this study
However, of course, further practice would be necessary to assess its validity, because a case cohort in the present study is too small. In addition, there are no data that asymptomatic hemodynamic compromise due to ICA or MCA occlusion is at high risk for development of cerebral infarction during cardiac surgery. Furthermore, the protocol should be further refined because of the facts that one of two medically treated patients died of chronic cardiac failure 4 years later. As the results, the present study does not provide any conclusive data to support the significance of STA-MCA anastomosis prior to cardiac surgery in patients with ICA or MCA occlusion. However, we believe that the accumulation of such clinical data would be useful to establish the guideline for such patients in the near future.
Conclusion
This is the first report that suggests that preoperative identification of hemodynamic compromise and prophylactic STA-MCA anastomosis may reduce perioperative ischemic stroke during cardiac surgery in patients with ICA or MCA occlusion, although further studies would be essential to assess the validity. 
